Abstract: Agricultural biodiversity has hitherto been valued almost exclusively as a source of traits that can be used in scientific breeding programs to improve the productivity of crop varieties and livestock breeds. We argue that it can make a far greater contribution to increased productivity. In particular, a wider deployment of agricultural biodiversity is an essential component in the sustainable delivery of a more secure food supply. Diversity of kingdoms, species and genepools can increase the productivity of farming systems in a range of growing conditions, and more diverse farming systems are also generally more resilient in the face of perturbations, thus enhancing food security. Diversity can maintain and increase soil fertility and mitigate the impact of pests and diseases. Diversity of diet, founded on diverse farming systems, delivers better nutrition and greater health, with additional benefits for human productivity and livelihoods. Agricultural biodiversity will also be absolutely essential to cope with the predicted impacts of climate change, not simply as a source of traits but as the underpinnings of more resilient farm ecosystems. Many of the benefits of agricultural biodiversity are manifested at different ecological and human scales, and cut across political divisions, requiring a cross-sectoral approach to reassess the role of agricultural biodiversity in sustainable and secure food production.
Introduction
Agricultural biodiversity includes those components of biological diversity relevant to food and agriculture as well as the components of biological diversity that constitute the agro-ecosystem. It exists at several levels, from the different ecosystems in which people raise crops and livestock, through the different varieties and breeds of the species, to the genetic variability within each variety or breed. While part of this biodiversity is directly managed to supply the goods and services that people need, much is not directly intended for production but remains important as a source of materials and for its contributions to ecosystem services such as pollination, control of greenhouse gas emissions and soil dynamics.
Modern, intensive agriculture reduces agricultural biodiversity. In fact, it is predicated on such a reduction. Farms specialize in livestock or crops, reducing the number of species; fields are enlarged, reducing the extent of field margins and hedgerows; soil amendments enhance the uniformity of soils; and monocultures of genetically uniform individuals tend to dominate. Within this framework, agricultural biodiversity is often seen simply as something to conserve as a source of traits that can be used to improve breeds and varieties (see, for example, [1] [2] [3] [4] [5] [6] for this approach in several different realms). While this is certainly true, we argue that agricultural biodiversity as such is an important asset that delivers substantial benefits in many different realms and that there is increasing evidence that diversity per se needs to be a central element of sustainable agricultural development.
Recognition of the value of maintaining and using agricultural biodiversity is not new [7] [8] [9] [10] [11] , although recent concerns over food availability suggest that it is timely to highlight evidence of the importance of agricultural biodiversity to agricultural production and productivity. It has been argued that the -food price crisis‖ of 2007-2008 was in many respects a harbinger of things to come and a new regime that will be characterized by higher and more volatile prices [12, 13] . The year 2010 saw drought in the Russian Federation and floods in Pakistan, both with far-reaching impacts on food prices and availability, bringing home the need to improve global food security.
Two difficulties must be noted in making this case. First, because of the past focus on traits as the main value of agricultural biodiversity, evidence for benefits derived from diversity itself is comparatively sparse. Jackson et al. [9] have argued further that certain benefits, such as the insurance value of biodiversity and of the heterogeneous composition of agro-ecosystems, are not easily detected by the local-scale experiments that are typical of most agricultural research. Secondly, by its very nature, the deployment of agricultural biodiversity affects many different aspects of human livelihoods and it can be difficult to separate out the benefits and rigorously demonstrate causal relationships among these. For reasons of space we focus here on selected aspects of production and consumption, particularly those that impinge on sustainability, and do not discuss in detail the many social, cultural and conservation benefits that can also be attributed to agricultural biodiversity (see e.g., [8, 14, 15] ). Johns and Sthapit [16] discuss in detail what they call -population-level synergies linking biodiversity conservation and human nutrition in developing countries‖.
Productivity and Stability
More diverse ecosystems, with more species or more genetic diversity within species, often have higher overall productivity than simpler systems; this is not a new idea [17, 18] . Tilman and his colleagues have documented this most extensively for (non-agricultural) prairie ecosystems, where, for example, plots with 16 species produced 2.7 times more biomass than monocultures [19] . In agricultural systems, Bullock et al. [20] created species-rich and species-poor hay meadows; after eight years the richer meadows yielded 43% more hay than species-poor fields, an effect that was not due simply to the fertilizing effects of the greater number of legumes in the more diverse fields. This is generally true for grasslands across Europe [21] . More recent research has indicated that experimentally-manipulated diversity in grasslands promotes temporal stability at many levels of ecosystem organization simultaneously [22] . Mixtures of barley varieties in Poland generally out-yielded the mean of the varieties as pure stands [23] . Increased productivity is also associated with greater stability of yield; Tilman et al. [24] indicate that high-diversity plots were 70% more stable than monocultures.
Tilman's measure of stability-the ratio of mean plot total biomass to standard deviation over time-is just one version of stability, and ecologists have long debated the relationship between complexity and various measures of stability in ecosystems and food webs [25] [26] [27] . In simplified farm systems, farmers have to decide in advance which varieties of which crops they will grow in any given season. Depending on factors such as growing conditions and markets, this creates the potential for bumper harvests and for failures, which is reflected in high year-on-year variance in yields. Experimental studies and large-scale field trials have shown that agricultural biodiversity can reduce variance, thus contributing to this particular type of stability in yield.
Significant trade-offs are often involved in balancing the maintenance of diversity within a production system with appropriate (or available) management practices, and the correct balance will differ depending on production system and production objective (see, for example, Snapp, Gentry and Harwood's demonstration that management can be a more important driver than biodiversity [28] ). Home gardens are some of the most diverse production systems in the world and also some of the most productive, per unit area [29, 30] . Although they are usually highly labor intensive and small, they nonetheless provide direct benefits in terms of production, income and nutrition for millions of small scale farmers throughout the world. For example, Nair [31] reports that in Brazil a 10-20 ha agroforestry-based home garden generated net income comparable to 1000 ha of pasture cattle ranch, in addition to rural employment for women, and all without requiring deforestation. Home gardens in Indonesia can have higher standing biomass, produce a higher net income and improved stability, sustainability and equity than equivalent areas of rice monoculture [32] . Not all home gardens, however, are managed for domestic consumption. A project to encourage women in Senegal to grow vegetables resulted in higher incomes and social standing for the women involved and almost no change in nutritional status because the vegetables were not eaten at home and the women did not use the money earned to buy food [33] .
Intensive home gardens depend to a large extent for their productivity on using many species that occupy different ecological micro-niches and make differential use of resources, for example by layering. This kind of multiple cropping can take many different forms and undoubtedly provides benefits in terms of nutrient availability and pest control which translate into higher production in many situations. Altieri [34] cites figures showing that in Latin America yield advantages of multispecies cropping range from 20% to 60%. In Mexico, one hectare planted with the very traditional mixture of maize, beans and squash produces as much food as 1.73 ha planted with maize alone. Furthermore, the maize-squash-bean polyculture can produce up to 4 t ha −1 of dry matter that can be returned to the soil, compared with 2 t ha −1 from a monoculture of maize. To some extent this reflects the presence of a leguminous crop, although niche separation, reduced depredations due to pests and diseases and weed competition and more efficient use of natural resources all play a part [35] . A detailed study of the so-called Jena Experiment, a long-term investigation of grassland of differing diversity, revealed a clear effect of species richness on productivity [36] , including effects of plant diversity on invertebrate herbivores [37] and of invertebrates on plant productivity [38] . Perhaps the strongest conclusion yet to emerge from the Jena Experiment is encapsulated in the title of a review paper: Biodiversity for multifunctional grasslands: equal productivity in high-diversity low-input and low-diversity high-input systems [39] . In fact, -higher diversity is actually more effective in increasing productivity than higher management intensity‖.
Similar results have been found in food-production systems, particularly in China. Zhang and Li cite a report that -one-third of all the cultivated land area is used for multiple cropping and half of the total grain yield is produced with multiple cropping‖ (Tong 1993, cited in the review by Zhang and Li [40] ). Figures are certainly higher today. Zhang and Li's group has made a detailed study of the effects of agricultural biodiversity and have investigated some of the underlying mechanisms. Wheat shows a 74% yield increase intercropped with maize and a 53% increase intercropped with soybean. Like the increased tillering seen in disease-resistant individuals in a field of mixed varieties of the same species (see below and [41] ), Zhang and Li attribute some of the over-yielding of species mixtures to what they call competitive recovery, with above-ground and below-ground effects. Abiotic stresses can be ameliorated by intercropping. Iron-deficiency chlorosis is common in peanut (a major oilseed crop in China), especially when grown as the sole crop. Intercropped with maize, chlorosis is less severe and depends on the close intermingling of maize and peanut root systems. Peanut and maize have different iron-uptake systems, and it is hypothesized that the efficient iron-uptake system of maize mobilizes iron in a form that peanut can make better use of. Similar results have been seen in connection with phosphorus (P) uptake in maize grown with faba bean, where the faba bean is believed to make P more available to maize. Again, roots must mingle closely for overyielding to be observed. Chickpea improves P uptake by wheat and maize via a complex pathway that pits the cereals' greater ability to absorb soluble P against the legume's greater ability to mobilize organic P [42] . Intercropping reduces the accumulation of nitrate in the soil, permitting lower application rates of N and reducing downstream effects.
Diversity also acts within a crop species to boost productivity. Genetic diversity can reduce risk of crop failure in high stress environments, as shown by Ceccarelli [43] for barley, although yield levels may be below those achieved by some varieties under non-stress conditions. Many studies have suggested that risk avoidance, multiple use needs and stability are among the reasons why many small-scale farmers continue to grow traditional crop varieties and maintain high levels of genetic and crop diversity throughout the world [8, 44, 45] .
At larger scales, there is a widespread recognition of the importance of maintaining crop variety diversity in production systems in order to avoid vulnerability and widespread crop loss as a result of the effect of a particular biotic or abiotic stress on a genetically uniform monoculture [46] . The substantial and, it has been argued predictable [47] , crop losses of the food staple taro in Samoa in 1993-1994 can be attributed to such vulnerability, as can the impact of southern corn blight on the U.S. maize crop in 1970-1971 [48] .
Pests and Diseases
Some of the yield increase associated with greater diversity is the result of the different functions performed by different plant groups and the use of different niches. Even in simpler agricultural systems, however, enhanced resistance to outbreaks of pests and diseases from effective use of both inter-and intra-specific diversity provides the main mechanism for increased yield and yield stability. Finckh et al. [23] identify several mechanisms underlying this effect, from simple distance between susceptible host plants and physical barriers to transmission to competition among pathogen races that reduces disease severity. Experimental mixtures of potato varieties susceptible and resistant to late blight (Phytophthora infestans) show less severe disease than monocultures in temperate [49] and tropical [50] trials. Large-scale deployment of barley mixtures in eastern Germany [51] and rice mixtures in southwest China [52, 53] indicates clearly that mixtures with relatively few components can minimize the severity of disease with an impact on yields and yield stability. An extension of this approach to more crops and across a considerably greater area demonstrated increases in yields of between 33% and 85%, with reduced severity of diseases and increased profits [54] . It was anticipated that by summer of 2010, severe drought notwithstanding, 80% of the farmland in Yunnan province (2.9 million ha) would adopt this approach [55] .
Wolfe's work on barley mixtures and powdery mildew (Erysiphe graminis hordei) was undertaken in the former German Democratic Republic, where an inability to manufacture or purchase fungicides prompted an assessment of alternative approaches. The benefits of mixtures in such cases arise primarily because farmers cannot predict in advance which mildew race will predominate in any given season and thus cannot choose a variety resistant to that race. In the absence of fungicides, a mixture in which each component is resistant to different races protects the entire field. In rice, resistant modern varieties offer a physical barrier to the movement of rice blast (Magnaporthe grisea) spores and also physically support susceptible traditional varieties, which are prone to lodging, thereby increasing the yield of the more valuable traditional varieties. Genetic diversity within fields of a single species will slow the evolution of pathogens, offering longer term protection against the breakdown of resistance, while changing the make-up of the mixture each year could promote even greater diversity in the pathogen population and thus slow down adaptation further by reducing the selection pressure on individual pathogen races. Given the nature of the protection, appropriate mixtures can control several diseases at the same time, further enhancing their usefulness.
Pests reduce global crop yields by about 40% each year [56] and Oerke [57] notes that -despite a clear increase in pesticide use, crop losses have not significantly decreased during the last 40 years‖. The use of biodiversity to mitigate damage by pests and macro-parasites is not as well documented as its use against diseases, although Gurr et al. [58] listed several examples that range in scale from the very local-harvesting lucerne fields in alternating strips preserves structural diversity and habitat for natural enemies of Helicoverpa spp-to the landscape-parasitism rates on armyworm Pseudaletia unipuncta are higher in more complex landscapes (see [59, 60] for additional examples). Nevertheless, there is a long tradition of integrated pest management (IPM) in which biodiversity plays a central role, although more often in the context of promoting a diverse population of predators than in the use of host biodiversity specifically to mitigate the impact of pests (see, for example, [61] ). As a clear example of the multiple benefits of the use of agricultural biodiversity, Pretty et al. [62] analyzed 62 IPM projects in 21 developing countries. In 47, yields increased by an average of 42% while pesticide use declined by 71%. The saving in environmental costs was not calculated, but was probably considerable. Pretty et al. also estimate the many other gains that accrue to -resource-conserving agriculture‖ while drawing attention to the difficulty of isolating and measuring different -services‖.
The mechanisms that underlie the effects of changed biodiversity on pests and diseases have begun to be explored in more detail. Keesing et al. [63] point out that for many diseases both positive and negative effects might be expected. Nevertheless, the agricultural examples that they cite all point to greater biodiversity protecting against diseases. In the case of rice blast, in addition to the greater distance between susceptible plants in a plot of mixed varieties, effectively a decrease in host abundance, the different plant architecture of the varieties results in the canopy being drier, which further slows the spread of the fungus [64] . Mundt [41] points out that induced resistance, caused by hosts being exposed to strains of pathogens better adapted to other varieties, can account for up to 30% of the protection against yellow rust (Puccinia striiformis) in wheat fields. Resistant varieties increase tillering and thus compensate for the absence of susceptible neighbors, another buffering mechanism. -Mixtures will not be the disease control tactic of choice in all cases,‖ Mundt concludes. -Given the need for a more sustainable agriculture based on models of natural ecosystems, however, host mixtures will likely play a much larger role in the next 50 years than they have in the past half century.‖
Regulating and Supporting Ecosystem Services
Agricultural production depends on the operation of a range of regulating and supporting ecosystem services that include nutrient cycling, regulation of water flow and storage, regulation of soil movement and properties and regulation of biological populations (including pest and disease control as discussed above). To a large extent these services have been replaced in simplified agricultural systems by human-supplied inputs. The importance of agricultural biodiversity in respect of these ecosystem services has been reviewed by Swift et al. [65] and, with respect to crop diversity, more recently by Hajjar et al. [66] . Considerable debate remains on the amount of diversity that is needed within agro-ecosystems for different functions. Some evidence suggests that while diversity is necessary, saturation is reached at relatively low levels of species diversity; other evidence has suggested that reducing diversity often has a negative effect on specific functions (see references in [65] ).
In fact, there are multiple ecosystem functions, each of which may perform optimally with a different species or genetic assembly. In this respect, Swift et al. [65] note the importance of maintenance of total system diversity and the use of management practices such as conservation agriculture and mulching that are themselves likely to ensure higher levels of diversity in the production system. In seeking to understand the increased productivity of more species-rich grasslands, for example, Milcu et al. manipulated the density of earthworms against a gradient of plant diversity [38] . Neither earthworm density nor plant diversity alone affected rates of decomposition of plant litter; however, decomposition was higher in plant assemblages with more legumes, and the effect was greater at higher plant diversity, which could contribute to the increased primary productivity associated with greater plant diversity.
Landscape heterogeneity, which involves a diverse assemblage of crop, livestock and agroforestry elements at different scales, is an important feature of many production systems [9] . As noted above, much of the diversity in agricultural landscapes exists at scales beyond the farm and its role and contribution is poorly captured in most agricultural experimentation.
Pollination is a classic and essential ecosystem service where loss of species has recently attracted substantial comment [67, 68] . Memmot et al. [69] found that, in simulation studies, pollination networks were relatively tolerant to loss of pollinator species diversity, although certain species, such as bumble bees and some solitary bees, played a particularly important role. However, in their recent review, Hajjar et al. [66] argue that both within-and between-species diversity of crops enhance pollinator availability and improve production. Steffan-Dewenter and Tscharntke [70] found that increasing isolation of habitat islands among agricultural fields resulted in decreasing abundance and species richness of flower-visiting bees, and that seed production decreased with increasing distance from nearest grassland for two brassica crops. The relation between crop diversity and pollinator diversity is a good example of the importance of the interactions among different components of agricultural biodiversity-pollinators and pollinator abundance and activity benefiting from increased diversity, and improving the productivity of some of the different crops present in a production system. Genetic diversity within a bee colony also promotes the survival of the colony [71] .
All of the mechanisms cited above contribute to resilience-the way in which an ecosystem responds to and recovers from disturbance-which has been attributed to the degree of connectivity within an ecosystem [72] . This resilience to perturbation may be manifested by a smaller drop in productivity, a more rapid recovery and lower variability over time; all are underpinned by biodiversity, and the risk of simplifying ecosystems is that those systems then become more vulnerable to perturbations.
Nutrition and Health
Improving yields, especially of the major nutrients such as proteins and calories, is not currently the most pressing challenge to food security. Despite the fact that great strides continue to be made in addressing protein-calorie shortages, around one billion people in the world still face starvation and one third of the global population suffers one or more of the micronutrient deficiencies often lumped together as hidden hunger [73] . The most important of the micronutrients are probably vitamin A, iodine and iron, although Welch and Graham [6] list 49 -essential nutrients for sustaining human life‖ (later expanded to 51 [74] ). Nutrition security requires adequate supplies of all.
Accurate estimates of the burdens of hunger and malnutrition are probably unrealistic, and short-term numbers fluctuate unreasonably. A joint report on the State of Food Insecurity in the World 2010 from the United Nations' Food and Agriculture Organization and World Food Programme says that 925 million people suffer chronic hunger in 2010. There are, in addition, currently more overweight and obese than chronically hungry people [75] even in developing countries [76] . (Results from a large survey by the World Health Organization, which will give more detailed insights, are currently still being analyzed, see http://www.who.int/bmi/index.jsp?introPage=intro_4.html, accessed on 13 January 2011). The effects on health, cognition and productivity are vast.
Past efforts to address micronutrient deficiencies have been based largely on a medical model, focused on fortification (for example iodine in salt), on supplements (for example high doses of vitamin A), or on increasing the micronutrient content of staple crops, so-called biofortification. While all of these approaches have their merits, agricultural biodiversity could provide a valuable complement [77] . This approach goes beyond the use of specific food components to address specific deficiencies [78] ; rather, it seeks to broaden the composition of the diet to include greater diversity in the firm belief that this delivers improved nutrition, with not only micronutrients but also other important components such as fiber, and hence better health.
There is some evidence of the beneficial effects of dietary diversity (as opposed to specific dietary components) on disease, morbidity and mortality (see references in [79] ). Most notably, results from 11 developing countries indicate that, after controlling for confounding factors such as household wealth, there remains a strong relationship between dietary diversity and child development measured as height-for-age Z scores [80] . Dietary diversity thus reduces stunting. In addition, reducing malnutrition of children greatly improves childhood survival in developing countries [81] and has a direct positive impact on economic productivity as adults [82] . There is also good evidence that the addition of even small amounts of animal-derived foods to the diet results in a marked improvement in nutritional status [83] .
Calls have been made to promote a more food-based approach to nutrition and health [84, 85] , and not just in the context of developing countries and poverty, [86, 87] but to date these have largely been ignored by policy-makers and government.
Our own work on neglected and underutilized plant species, undertaken in several locations and with multiple partners, indicates that there is considerable scope for increasing the availability and consumption of these generally more nutritious alternatives, with additional positive benefits for income generation and environmental protection [88] . In India, for example, a long series of studies to improve the use of so-called minor millets among very poor farmers has shown multiple beneficial impacts on yields, incomes, profits, the nutritional value of popular snack and breakfast foods, and female empowerment, all promoting the likely conservation of these crops and their biological diversity in farmers' fields [89] [90] [91] [92] . While it has not so far been possible to demonstrate a direct impact on the nutritional status of participating villagers, there is every expectation that the various synergistic impacts will boost food and nutrition security and ultimately increase health and well being.
Climate Change
It is becoming increasingly clear that climate change will result in entirely new weather patterns [93] and that these will have a profound influence on agriculture at all scales [94, 95] . There is already substantial evidence of changes in the abundance and distribution of many insects [96] , which can be expected to affect the distribution of pests and diseases and of control mechanisms against them.
Adaptability and resilience in the production systems will both become increasingly important to enable farmers to cope with climate change and increased climate variability, and there is evidence that this is already important. The maintenance of high levels of sorghum diversity as traditional varieties enabled farmers in Mali to maintain levels of sorghum production and productivity in stressed environments over a period of increasing drought from 1978-1998 [97] .
To come full circle, plant and animal breeders will need to take advantage of existing biodiversity in order to develop new breeds and varieties that will be able to cope with changed conditions. Even in this realm, however, an advantageous complementary strategy may be to furnish farmers and others with an expanded genepool that they can use to select their own adapted and adaptable populations. These genepools could take the form of segregating populations from wide crosses, multilines, mixtures or simply accessions from the edges of the normal growing range. Indications are that this approach could speed the adaptation of farming systems to changed conditions more effectively than breeding that relies on additional external inputs [23, 98] .
Conclusions
Diversity at ecosystem, species and genetic levels, brings many direct benefits for specific aspects of agricultural production. However, our knowledge of the nature and extent of these benefits remains imperfect and further studies are needed to explore not only the intrinsic benefits but also effects manifested at different scales. The detailed experimental investigations that we have cited in many of the sections above indicate that deploying agricultural biodiversity more effectively is not simply a return to traditional practices. It requires a scientific approach to understand how different forms of agricultural biodiversity contribute to the goals of improved food and nutrition security and sustainability, and a recognition that while some principles and practices will be globally applicable, others may be constrained by locality and culture [22, 36, [39] [40] [41] 46, 51, 54, 63, 66] . Much remains to be done. It is also important to recognize that the extent and distribution of diversity in production systems may vary substantially depending on the properties of the production systems, their resilience and the ways in which production is managed (see e.g., Wood and Lenne [99] for an alternative perspective).
Teasing apart the different ways in which agricultural biodiversity works may prove to be extremely difficult. Zhang and Li, for example, point out that both interspecific facilitation and interspecific competition contribute to intercropping advantages [40] . The same is true of impacts. We expect that increasing the deployment of biodiversity in agricultural systems will have multiple effects that go beyond the production perspective of this paper. Programs that aim to improve food security or social resilience through biodiversity may well have unmeasured effects on factors such as cultural preservation, health and incomes, and vice versa. Multiple case studies from one such project indicate that relatively simple interventions, such as adding poultry-keeping to a family's activities, can improve income, housing, education, food security and many other factors [100] . However, we need a greatly expanded knowledge base to respond effectively to these opportunities.
Recent concerns about high food prices and low food availability indicate that agriculture and agricultural production are clearly back on the international agenda. There is a new recognition of the profound challenges faced in increasing production to meet the needs of a growing population under changing climates and the need to do so in a sustainable manner. From this perspective, agricultural biodiversity clearly has an increasingly important role to play, not simply in the classical paradigm as a provider of traits for the incremental, never-ending improvement of staples, but more effectively as an essential component of improved production systems. Of course there are other elements of food-systems and production that require additional research and development, such as harvesting and post-harvest storage, small-scale processing (and domestic cooking methods) and marketing to ensure sustainable improvements in food and nutrition security; more effective use of agricultural biodiversity needs to take its place alongside these sectors.
While the temptation will always be to look for quick fixes, these are unlikely to be sustainable or to meet current concerns for an environmentally acceptable agriculture that responds to the needs of small-scale farmers throughout the world. Almost all of the approaches used to date in agricultural intensification strategies, for example the substitution and supplementation of ecosystem function by human labor and petrochemical products, contain the seeds of their own destruction in the form of increased release of greenhouse gases, water supplies depleted by mining, and degraded soils. We need to build production systems that deliver intensification without simplification. This will entail different dimensions, from varietal mixtures [41, 52, 53] , to species intercropping [39, 40] , to broader diversification strategies [100] . This approach is particularly pertinent in areas where diverse production systems still prevail, most notably marginal areas, but better deployment of agricultural biodiversity in areas that have lost it must also receive greater attention in the future. Diversity will be essential to improve productivity, to enhance ecosystem functions, and to provide adaptability.
